The purpose of this study was to compare the tensile strength of the central one third patellar tendon-as used for reconstruction of the anterior cruciate ligament-to that of the residual patellar tendon. Ten matched pairs of human cadaveric knees were used for this study, each specimen consisting of an intact patella-patellar tendonproximal tibial unit. One knee from each pair was randomly selected for removal of both the medial and lateral one third of the patellar tendon, leaving the central one third intact. The contralateral knee of each pair underwent removal of the central one third of the patellar tendon, leaving the residual two thirds intact. Each specimen was then mounted in a materials testing machine and tensile tested to failure at a strain rate of 100% s-1. The most important result to emerge from these experiments was that there was no significant difference in maximum force to failure for the residual patellar tendon compared to the central one third. Using clinical observation, we noted that the patellar tendon is not of uniform thickness across its width; rather, it appears more elliptical in cross-section. It was our hypothesis that removal of the central one third as a graft may not leave a residual tendon that is two thirds of its original cross-sectional area, or of its original strength. Therefore the purpose of this study was to compare the tensile strength of the central one third of the patellar tendon to that of the residual two thirds. In this way, we attempted to determine whether the current graft width may contribute to the morbidity of the extensor mechanism of the knee by overly weakening the residual patellar tendon.
Currently, the most commonly used autogenous tissue for reconstruction of the anterior cruciate ligament (ACL) is the central one third of the patellar tendon.' Advantages of this graft include its strength,2 its bone to bone fixation in host tissues,' and its potential for revascularization.3 However, removal of the central one third of this tendon can lead to substantial morbidity to the extensor mechanism of the knee. 47 Burks et al,8 using a dog model, found that the load to failure of the remaining two thirds of the patellar tendon was 70 % of the control contralateral intact tendon at three months and 60 % of the controls at six months. To our knowledge, no study exists regarding the biomechanical strength of the residual portion of the human patellar tendon following graft harvest.
Using clinical observation, we noted that the patellar tendon is not of uniform thickness across its width; rather, it appears more elliptical in cross-section. It was our hypothesis that removal of the central one third as a graft may not leave a residual tendon that is two thirds of its original cross-sectional area, or of its original strength. Therefore the purpose of this study was to compare the tensile strength of the central one third of the patellar tendon to that of the residual two thirds. In this way, we attempted to determine whether the current graft width may contribute to the morbidity of the extensor mechanism of the knee by overly weakening the residual patellar tendon.
Methods
Specimen preparation Ten matched pairs of human cadaveric knees were used to perform this study. The knees were obtained at the time of tissue harvest from subjects whose ages at the time of death ranged from 24 to 45 years. There were four males, three females, and three whose gender was not known to us. Each specimen consisted of an intact patella-patellar tendon-proximal tibial unit with the menisci and extensor retinaculum attached. The tissue was immediately stored fresh frozen at -.56°C until the time of preparation.
Before dissection, each knee was allowed to thaw at room temperature. The retinaculum, menisci, and distal quadriceps tendon were excised from their bony attachments. The paratenon was carefully removed from the underlying patellar tendon, as was the subjacent infrapatellar fat pad. The proximal tibia was cut so as to leave a 30 x 30 x 20 mm3 bone block with the patellar tendon insertion intact. The patella was not altered in any way. The preparations were covered in a saline soaked towel and then overwrapped with plastic wrap and aluminium foil to prevent dehydration. Any specimen with signs of articular cartilage degeneration or lack of integrity of the patellar tendon substance was not used.
One knee from each pair was then randomly selected for removal of both the medial and lateral one third of the patellar tendon (based on width measurements taken at the mid-length of the tendon) thus leaving the central one third intact ( Figure 1 ). (Figure 2 ). The length of the residual tendon was measured as the shortest distance between the two bone insertion sites. Residual tendon width was measured as the combined width of both strands of the remaining patellar tendon at a distance halfway along the length of the tendon. Residual tendon thickness was measured halfway along the length of the remaining tendon Figure 1 . The central one third patellar tendon with attached bone blocks * Initially, we intended to perform the tensile tests with the central one third of the patellar tendon attached to 25 x 10 x 10 mm3 patellar and tibial bone blocks as used in a typical ACL reconstruction. Unfortunately, in a series of preliminary experiments using that size of bone blocks, some of the blocks were unable to sustain the high forces necessary to rupture the tendon; with the application of the tensile force, they crumbled inside the clamps. Therefore, we were forced to use a bone-patellar tendon-bone unit that we could grip to withstand these high forces. This meant leaving the patella undisturbed and using a larger strands and midway across their width. No removal of bone was attempted, nor was the resulting tendon defect surgically closed. Cross-sectional area was calculated as tendon width multiplied by thickness for both the central one third and residual patellar tendons. An area micrometer was not used for cross-sectional area calculation, as has been reported,2 9 as we sought to reproduce in vivo loading conditions of tendon failure which would necessitate that area (and therefore, stress to failure) calculations be performed with a fully hydrated tendon. The use of an area micrometer would have negated the effect of a fully hydrated tendon and may, therefore, have given artefactually high values for maximum stress.
Mounting
Each tendon preparation was mounted in a specially designed testing apparatus which allowed free passage for the patellar tendon while holding the bone ends secure. The patella was gripped in a device similar to that described by Ang et al." 0 The jaws of the device were wedge shaped and could be approximated with the patella in between ( Figure 3 ). As tension was applied to the patella, the bone became self locked without crushing. The tibial bone block was secured in a steel cage by means of a vertically oriented clamping screw, 
Mechanical testing
The tensile failure tests were conducted on an MTS 810 servohydraulic test system (Materials Test System, Minneapolis). Both the central one third and residual patellar tendons were then loaded to failure in tension at a high strain rate of 100 % s-' by scaling actuator stroke length to the initial length of the tendon. (This rate approximated 5 .0 cm-s-'). This strain rate has been used previously2 9 " in order to reproduce the rapid loading conditions sustained by the ACL during in vivo failure.
Material properties measured were maximum force, maximum stress, and maximum force per unit width. Maximum force was defined as the force sustained by the specimen at failure, and was determined directly from the MTS load cell. Maximum stress was calculated as maximum force divided by the measured initial crosssectional area of the central one third or residual tendon. Maximum force per unit width was defined as the maximum load sustained by the specimen divided by initial width. No attempt was made to measure the modulus, stiffness, or energy to failure of the specimens because of our uncertainty regarding the extent of settlement of the bone blocks at the bone-grip junction during tensile testing, as has been shown to occur2 (settlement would artefactually increase the deformation recorded by the MTS load cell). The mode of failure (for example, mid-substance tendon tear or bone avulsion) was recorded for each specimen tested.
The load/displacement data taken from the MTS were recorded on an IBM XT computer using an Isaac Data Acquisition System (Cyborg) with a data acquisition speed of 500 point pairs per second. Grossly, all of the intact patellar tendons showed narrowing in the coronal plane between the patella and tibial insertion site ( Figure 4) . All of the tendons appeared somewhat elliptical in the transverse plane; sequential transverse cuts along the length of some extra tendon pairs confirmed this elliptical tendency in cross-section ( Figure 5 ). (We are using 'elliptical' to describe the shape roughly.) As the thickness dimensions in Table 2 show, the tendon often had parallel sides (the thickness dimensions for the central one third and the residual were often the same) until at the edges it showed an elliptical finish). The patellar tendon insertion at the inferior pole of the patellar was broad and thin compared to the thick, hemispherical attachment at the tibial tubercle ( Figure 5) . A parallel arrangement of tendon Table 1 . Length measurements showed the most variability between specimens. This variability was seen even between knees from the same donor (Table 2) . Some of the residual tendon strands were also slightly asymmetrical in length (that is, longer on one side than the other). All specimens varied between 3 and 4 mm in thickness.
Tensile failure properties of the central one third and residual patellar tendons are shown in Table 2 The second important result from these experiments is that the residual tendon was found to be quite weak. Figure 6 illustrates how the act of stair climbing stresses the patellar tendon in tension to three times bodyweight. Therefore, a man with a body mass of 85 kg (equivalent to a force of 834 N) can exert a tensile force of 2502 N on his patellar tendon. The highest experimental value we obtained was only 2154 N. Clearly, either our samples were skewed to the low end of the population with regard to the tensile strength of the patellar tendon, or the residual tendon, in vivo, gains strength postoperatively by remodelling and regeneration. 4 Limitations of this study include the use of large patellar and tibial bone blocks during testing. It would have been more clinically applicable to construct smaller rectangular bone blocks. However, as previously stated, some of these smaller bone blocks disintegrated inside the gripping devices during our pilot experiments. However, we were careful to remove all tendinous fibres from both the patellar and tibial insertion sites except where the tendon directly inserted into the bone, parallel to the fibres of the tendon substance. Our values for maximum force and maximum stress at failure for the central one third group are similar to the results reported by other investigators.2 9 " This would seem to confirm the validity of our testing method as well as the quality of our tendon specimens.
A second limitation involves the particular ages of the specimens tested. All specimens were between the ages of 24 and 45 years. We were unable to confirm the exact ages of four of the specimens. Noyes et al'4 found that elastic modulus, strain energy to failure, and ultimate tensile stress were two to three times greater for younger specimens than for older specimens. In addition, older specimens tend to fail by bone avulsion, whereas younger specimens tend to fail by ligamentous disruption. The reasons for these age related changes are not known at present. We limited the upper age of the specimens tested to 45 years in an attempt to lessen the likelihood of age related strength reductions. No correlations were made between biomechanical properties and specimen age; therefore, age related effects are less likely to influence our results. In any case, our hypothesis related to a comparison across the same subject, and age is not relevant to this.
A further limitation is that our values for maximum stress were based on measurements of cross-sectional area of fully hydrated tendon strands. It is difficult to know how much the tendons were swollen when the cross-sectional measurements were taken. Thus the results for maximum stress must be viewed with circumspection.
Reconstruction of the anterior cruciate ligament using the central one third of the patellar tendon was initially described by Jones in 1963. ' Despite the advantages of using the patellar tendon as a reconstructive graft, significant morbidity has been described related to disruption of the extensor mechanism of the knee following graft harvest.47 16 Tibone and Antich7 noted a 15 % quadriceps deficit on isokinetic testing two years after anterior cruciate ligament reconstruction with the patellar tendon graft. Rosenberg et al4 found consistent deficits in isokinetic and functional testing of the extensor mechanism in patients one to two years after reconstruction of the ACL with the central one third patellar tendon. Seto et al6 examined 10 patients at an average of five years after intraarticular ACL reconstruction. Isokinetic quadriceps and hamstring muscle strength were tested at 120 and 2400 * s-' using the Cybex dynamometer. The found, at 1200 * s-', an average peak torque deficit of the quadriceps of 41 % while the hamstring deficit was only 16 %. At 2400. s-', the quadriceps mean peak torque deficit was 33%, and 9% for the hamstring deficit.
Early on after implantation, there is a significant reduction in the initial strength of the patellar tendon graft over time. '2 20 By one year, graft strength is approximately half that of an intact ACL. 12 Butler et a!20 found that in the primate model one year after implantation, patellar tendon graft stiffness and maximum force were decreased to 57% and 39% of controls, respectively. Clancy et al'2 tested patellar tendon graft strength following intra-articular reconstruction of the rhesus monkey ACL. Compared to intact controls, graft strength was noted to be 26% at three months and 52% at 12 months. Such observations may reflect an increased vascular response related to inflammation and cell death, as well as reorganization of the graft's colleagen and proteoglycan content.2' These events may also explain the increased incidence of graft rupture, in vivo, compared to rupture of the residual patellar tendon, which remains a vascular structure. Scar formation in the graft harvest site also may increase its tensile strength postoperatively. Therefore it could be inferred that graft width needs to be increased above 33 % of the intact tendon width in order to lessen these problems. Our results suggest that these complications would only be transferred to the residual tendon.
Traditionally, mechanical strength testing of knee ligament preparations have involved tensile failure tests under high strain rate conditions.2 9 II 14 20 This is done in an attempt to approximate physiological loading conditions. It has been shown that at slow deformation rates the unit tested will frequently fail through bone avulsion, whereas at faster deformation rates there is an increased frequency of ligamentous failure.22 Our study was similarly conducted using fast strain rates of 100% s-'. The primary mode of failure we observed was bone avulsion (patellar or tibial) in 12 out of 20 specimens. Our tests were carried out on tendon strands, not whole tendons, so it is difficult to draw comparisons with previous results. From a clinical standpoint, traumatic patellar disruption occurs most commonly at the tendon insertion sites proximally and distally, with disruption through the tendon substance particularly rate.23 The mid-substance tears that we noted sustained some of the highest maximum forces before failure, and were found predominantly in the residual tendon group (Table 2 ). This may have been due to the broader total area of the insertion sites present in this group, leading to a diffusion of load over a greater area, or by the fact removal of the central one third disrupted the fibres on the interior edges of the residual strands.
One interesting observation from this study was the narrowing of the intact patellar tendon distally; this has clinical relevance. When the central one third is removed for reconstruction of the anterior cruciate ligament, a fixed width of tissue (usually 9-11 mm) is harvested. It follows that a greater proportion of tendon is removed distally than proximally; disruption across, rather between, the tendon fibres may result. This might weaken the residual patellar tendon by causing a stress-riser effect at its distal extent. We therefore suggest that the determination of graft width be made both proximally and distally, with the tendon borders used as a reference guide. In addition, graft harvest may best be performed with individual incisions between tendon fibres, not with the simultaneous dual parallel scalpel blades that are currently available.
In conclusion, harvest of the central one third of the patellar tendon as a reconstructive ACL graft leaves a residual tendon that is twice as wide as the graft, but not significantly stronger. This may be attributed to the diminished tissue thickness at the periphery of the residual tendon.
